The results of subsoil-structure interaction analyses can be different and depend on the choice of the interaction model. These models are being continuously improved. The analysis of the interaction between the steel-fibre reinforced concrete slab and subsoil was carried out by means of three-dimensional finite element analysis. This interaction was also observed during the loading test in the experimental measurements. Soil is generally heterogeneous, hence its properties are different from the idealized behaviour of the linear elastic isotropic homogeneous material. The modulus of deformability of the modelled area of subsoil varies continuously with increasing depth. The inhomogeneous half-space was used for the modelling. In the parametric study, presented here, the deformations obtained from the analysis of the homogeneous and inhomogeneous half-spaces were compared. The values calculated from the three dimensional finite element interaction models of the subsoil were compared with the values measured during the loading test.
Introduction
The complexity of the static solution of foundation structures is associated with several aspects, which play important roles in the calculations. This includes, amount others, the choice of the computational model. The computational interaction models are becoming increasingly sophisticated. Results of the solutions may be different and depend on the choice of the model of the subsoil. The influence of the physically-nonlinear behaviour of the structure and interaction between the upper structure and foundation are the other aspects which influence the results of the subsoil-structure interaction analysis. Distribution of contact stress at the foundation base is also influenced by the interaction of the foundation and subsoil.
Paper 9

Application of an Inhomogeneous Halfspace for the Solution of Foundation-Subsoil Interaction based on the Finite Element Method
Insufficient theoretical basis of the researched field and the absence of an appropriate software has still made it impossible to use an unambiguous solution to the mutual interaction of the foundation and subsoil. It is also more difficult to solve the interaction of foundation and subsoil because the input data are less accurate. It is associated with the complicated description of the properties and behaviour of foundation soil. The foundation soil is composed of heterogeneous particles. The uncertainties in the description of the behaviour of the subsoil are also connected with the complex detailed description of the geological profile which is needed for the entire area under the foundation.
Many scientists have been trying to solve the subsoil-structure interaction. The aim is to capture the best possible distribution of contact stress in the footing bottom and obtain the settlement values which approach the real values for the settlement of foundations of the real buildings or samples loaded during the loading tests. The subsoil-structure interaction has been addressed by several Czech authors. In 1970 in the former Czechoslovakia an extensive scientist task was specified. It was specified as a result of differences of calculated settlement and real settlement of foundations. This task was titled "Comparison of real deformations of foundation soil with assumptions of reconnaissance" and lasted for eight years. Results and conclusions of this research have been published by several authors in [1, 2, 3] . It was deduced from the results of the experimental tests that the soil under the foundation is compressed to a shallower depth than those in the results from the theory of elastic half-space. Performed investigations indicated that the depth of the active zone is governed by the compressibility. It refuted the statement presented by P. A. Konovalov. According to him the depth of the active zone depends directly on the compressibility of the soil. This was also confirmed by the results of the research led by V. N. Golubkov. They conducted the load tests of layered subsoil loaded by square foundations of various sizes. The settlement of the foundations and descent horizontal level of subsoil were measured during load tests. The measurements of the soil subsidence and contact stress of the models during load tests in-situ are also carried out now. In 2013 an article [4] was published. It deals with the study of the interaction of subsoil and bidirectionally reinforced slabs sequentially loaded by the uniformly distributed load. Deformations and internal forces of the plate calculated on the basis of the theory of elasticity were compared with the experimentally measured results of an in-situ test. In 2012, prof. Alani and Aboutalebi published an article [5] . The article is about observing of the influence of rigidity of the supporting subsoil on the mechanical behaviour of concrete foundation slabs. The analysis was carried on the model of concrete slab with the dimensions 3.0x3.0x0.2m. Conclusions from this study indicate that the behaviour of the foundation slabs is a nonlinear function of the structural properties of slabs and also of the supporting subsoil. The authors also presented results of further experimental measurements also in 2014 in the article [6] . The research stated in the article contributes to a better understanding of the behaviour of the foundation slabs of the plain concrete and fibre reinforced concrete for various types of loads. In 2012, Alani, Beckett and Khosrowshahi published an article [7] . In the article attention is paid to the design of concrete foundation slabs with an emphasis on the use of steel and synthetic fibres as reinforcement alternatives. In 2003, Elsaigh and Kearsley published an article [29] . The article is focused on assessing of the influence of ductility on the bearing capacity of foundation concrete slabs reinforced with steel fibres. Comparison of deformation behaviour of concrete slabs reinforced with steel fibres and slabs of plain concrete is described in [9] .
Currently the experimental measurements of stress and strain of foundation structures in connection with the subsoil-structure interaction are also conducted at the Department of Structures, Faculty of Civil Engineering, VSB -TU Ostrava. Other fields of research are focused on the use of sliding joints to eliminate friction between the foundation and subsoil [10, 11] and prestressing of foundation structures [12] (the numerical solution). At the Faculty of Civil Engineering, an unique test equipment was constructed in order to measure the shear resistance of the sample from asphalt belts. During testing of the asphalt belts the shear resistance of the sample depending on the temperature is measured in a climatic chamber. The process, results and conclusions of tests are described in detail in [10, 13] . In 2010, the construction of test equipment called Stand was performed at the Faculty of Civil Engineering [14] . The test equipment allows experimental measurement of deformation and stress and stress-strain relations can be observed in connection with the subsoil-structure interaction. The process, results and conclusions of tests are described in detail in [15, 16, 17, 18 ].
FEM analyses of an elastic half-space
Because of the insufficient theoretical base of the issue and absence of appropriate software it is impossible to develop an unambiguous solution to the subsoil-structure interaction. Several computational models and methods have been introduced. These include numerical methods, eg. FEM [8, 19, 20, 21] . The subsoil can be modelled as a 2D surface model or as a 3D spatial model of the soil massif, which allows to carry out detailed studies inside the subsoil. The 3D model of the subsoil can be created as a half-space, i.e. as a body bounded on the top by the plane. 
The homogeneous elastic continuum
The subsoil is created by a body bounded on the top by the plane. The simplest idealization of the half-space is an elastic homogeneous isotropic body comprised of substance for which Hooke's law is valid and it is dependent on two material parameters. These are the elastic modulus and Poisson's ratio. According to the assumptions of elastic half-space the deformations do not undermine continuity of the half-space, and the law of superposition is valid. For simple types of loads the analytic relations of calculations of deformation and stress can be derived for such a half-space. For example, the equations for calculation of the component of the pressure stress σ z have been derived for a point lying in any depth below the top of the rectangular load area. This was derived by several authors between 1934 and 1939.
The size of the modelled area representing the subsoil, choice of boundary conditions and the size of the finite-element mesh is difficult to be determined correctly during the creation of the spatial model using 3D elements. Dependence on those parameters was proved by parametric studies in [22, 23] . Due the heterogeneity of the soil, its properties are different from idealization of the linear elastic isotropic homogeneous material. The calculated values of the subsidence do not correspond to the measured values of foundation subsidence of existing buildings, or values measured during the experiments [22, 23] .
The inhomogeneous elastic continuum
The modulus of deformability of the subsoil varies continuously with the increasing depth. It was solved using the inhomogeneous half-space. In the inhomogeneous half-space there is a different concentration of the vertical stress in the axis of the foundation than that in the homogeneous half-space.
The equation (1) for calculation of the vertical component of the stress was derived for the half-space loaded on the surface by force (Boussinesq´s task). The concentration factor  is introduced into the calculations of the inhomogeneous halfspace [24] :
The equation (2) based on the minimum of deformation work was derived by Frölich. In case =3 it is isotropic an elastic half-space (E=const.). If =4 it is a halfspace whose modulus of deformability increases with the depth: where E 0 -modulus of elasticity at the surface z -z-coordinate (depth) m -coefficient depending on Poisson's ratio  The use of the inhomogeneous half-space is also discussed in articles [25, 26] . The author of the article [25] introduces the equation for displacements in the inhomogeneous half-space outside of the loaded area in connection with displacements inside the loaded area.
3 Three-dimensional numerical model
Experimental loading test
The analysis of the interaction of the concrete slab and subsoil was carried in the software Ansys 15.0. This interaction was also monitored during the loading test in the experimental measurements. For a loading test an unique equipment was used. The equipment was built in the Faculty of Civil Engineering, VŠB -Technical university of Ostrava [14] . Another experimental measurements and results are also reported in [5, 6, 17, 27] . The test sample for the task was a steel-fibre concrete foundation slab [15, 28] . The steel-fibre concrete foundation slab had dimensions of 2000x2000x170mm ( Figure 2 ). The concrete C25/30 was used there. The fibre reinforcement was consisted of steel fibres type 3D DRAMIX 65/60B6 -25 kg.m The steel-fibre concrete foundation slab was loaded by the pressure exerted by hydraulic press during the experimental loading test. The dimensions of the loaded area in the centre of the slab were 200x200mm. The loading was increased of piecewise, 20kN/60min (Figure 2) .
The maximum anticipated load was calculated as 83kN. Despite the assumptions the slab did not fail even after nine cycles. Even with the load of 180kN the slab did not fail. The test was discontinued. During the repeated loading test of the steel-fibre concrete foundation slab the 50 kN/30 min cycle was chosen for the loading. The slab failed during the sixth loading cycle (Figure 3) . The value of the load was 250kN. The slab was failed by punching. 
The 3D numerical model of an inhomogeneous elastic continuum
The computational model was created using the 2D and 3D finite elements. The steel-fibre concrete slab was created using the 2D elements SHELL 181. The thickness of the slab was additionally defined to the element SHELL 181. The thickness was 170mm. The model of the subsoil was created using the 3D elements SOLID 45. After that, the required properties of materials of modelled slab and subsoil were added. The material No. 1 was marked concrete with the modulus E=29.0GPa and Poisson coefficient =0. The slab was created using 4 keypoints. All layers of subsoil model were created using 132 keypoints. The keypoints were connected by lines. The areas were created from the lines and the volumes were, in turn, created from those areas. The volumes of the individual layers have different properties according to the table in Figure 4 . The 3D finite elements forming the mesh had a dimension 0.1x0.1x0.1m. The size of the 2D finite-element mesh for the modelled area of the slab was 0.1x0.1m. The both finite-element meshes were regular. The load was distributed into the nodes under the load area which had the size of 200x200mm. The load was approximately 250kN at the time when the sample failed. This value was also used in creation of a numerical model.
It is necessary to define the contact area so that the effects of the load on the slab could be transferred to the soil. The finite-element model was solved through contact elements. The contact is made by a contact pair TARGE 170 and CONTA 173. The interaction between the foundation and subsoil is always described by the nonlinear analysis due to structural nonlinearities. This structural nonlinearity is caused by the contact task and unilateral bond, which acts only in compression. The analysis requires an iterative solution. The system behaviour is dependent on whether both parts of the interaction model are in contact or not. The influence of friction between the slab and subsoil was neglected. The coefficient of friction is thus zero. After the contact is established, it is necessary to verify that the normals of the both contact surfaces have opposite direction, or they should be turned in order to be in the opposite direction ( Figure 5 ). Figure 6 shows the total deformation, from which the influence of boundary conditions is evident. The vertical component of the stress σ z in the subsoil is plotted in Figure 7 . Red areas show the biggest tensile stresses of subsoil in the area of the settlement trough. Figure 7 shows σ z depending on the increasing depth in the vertical section through the centre of the subsoil led from the top surface to the bottom. Figure 8 shows the distribution of contact stress. As expected there the contact stress is concentrated around the edge of the concrete slab and in its corners, where the stress increases (Figure 8 ). It is also visible in the transverse and diagonal sectional views through the slab. Stress peaks which represent the increasing values of the contact stress can be limited in Ansys.
Numerical results
Comparison of the homogeneous and inhomogeneous elastic half-spaces
168 varieties of the 3D models of the linear homogeneous isotropic continuum were created and compared in a parametric study referred to in the articles [16, 23] . These models differed in their boundary conditions, in the size of the finite-element mesh and in the size of modelled area. These are the parameters which have a significant impact on the resulting deformation, internal forces and contact stress. The parametric study [16, 23] proved the predominant influence of the depth of subsoil model on the resulting deformations. In case of the homogeneous isotropic linear continuum, the deformation increases depending on the increasing depth of the subsoil model. With the increasing depth of subsoil model the difference also increases between the calculated deformations for individual variants of boundary conditions. The choice of the boundary conditions becomes thus more important with the increasing depth as it influences the resulting vertical deformation [16, 23] . These assertions were also verified for the steel-fibre concrete slab. 12 different numerical 3D models of the linear homogeneous isotropic continuum were created for the steel-fibre concrete slab. The resulting deformations confirmed all conclusions of the parametric study published in [16, 23] . The models of the linear homogeneous isotropic continuum do not reflect the structural strength of the soil. In reality, the properties of the subsoil vary with the depth. This is possible to take into account by use of inhomogeneous continuum. Modulus of deformability increases with depth of inhomogeneous continuum. Attention was also paid to the dependence of the resulting vertical deformations on the changing depth of the subsoil model. This dependence was proved for three different variants of the boundary conditions ( Figure 9 ). 
Conclusion
The model of the inhomogeneous continuum provides smaller vertical deformations than the model of the homogeneous continuum. This is evident from the graph in Figure 11 . This is a consequence of the modulus of deformability which increases with the depth. The graph also shows that the resulting deformations which were calculated from the inhomogeneous continuum model do not depend so much on the randomly chosen geometric model parameters of the subsoil as those deformations which were calculated from the homogeneous continuum. The increasing depth of the subsoil model was the geometric parameter which has been observed in this paper. The difference between the smallest and the largest values of the resulting vertical deformation in the middle of the steel-fibre concrete slab in the homogeneous subsoil model is 2.93mm, while the difference between the smallest and the largest values of the resulting vertical deformations in the inhomogeneous subsoil model is 0.67mm. The difference in values is about 360% for the geometrically identical models which were different only in the homogeneity / inhomogeneity of the subsoil model. This means that the inhomogeneous continuum provides more stable results which are significantly less affected by the choice of the geometry and dimensions of the area representing the subsoil. The deformations calculated in the homogeneous subsoil model are larger on average by 54% than those calculated in the inhomogeneous subsoil model.
The inhomogeneous model with the dimensions 6.0x6.0x6.0m and the boundary conditions of the variant B calculated the subsidence of 2.572mm -this is only by 10% less than the really subsidence of 2.83mm measured during loading test.
